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Temperature optimumTcHMA4 (GenBank no. AJ567384), a Cd/Zn transporting ATPase of the P1B-type (=CPx-type) was isolated and
puriﬁed from roots of the Cd/Zn hyperaccumulator Thlaspi caerulescens. Optimisation of the puriﬁcation
protocol, based on binding of the natural C-terminal His-tag of the protein to a Ni-IDA metal afﬁnity column,
yielded pure, active TcHMA4 in quantities sufﬁcient for its biochemical and biophysical characterisation with
various techniques. TcHMA4 showed activity with Cu(2+), Zn(2+) and Cd(2+) under various concentra-
tions (tested from 30 nM to 10 μM), and all three metal ions activated the ATPase at a concentration of 0.3 μM.
Notably, the enzyme worked best at rather high temperatures, with an activity optimum at 42 °C. Arrhenius
plots yielded interesting differences in activation energy. In the presence of zinc it remained constant
(EA=38 kJ⋅mol−1) over the whole concentration range while it increased from 17 to 42 kJ⋅mol−1 with rising
copper concentration and decreased from 39 to 23 kJ⋅mol−1 with rising cadmium concentration. According to
EXAFS the TcHMA4 appeared to bind Cd(2+) mainly by thiolate sulphur from cysteine, and not by imidazole
nitrogen from histidine.A, activation energy; EXAFS,
carboxyethyl)phosphine; XAS,
the “Landesstiftung Baden-
the “Fonds der chemischen
+49 7531 884533.
H. Küpper).
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Plants that hyperaccumulate heavy metals such as Zn(2+) and
Cd(2+) are currently of great scientiﬁc interest as they can be used for
cleaning up contaminated soils, a process called phytoremediation [1,2].
Furthermore, the metal gained in such way can be reused, a fact that is
important as the prices for raw metal were rising during the last years
and still are. Although many studies have been conducted on the topic
already, hardly any metal transporting protein from a plant, hyper-
accumulator or not, has been puriﬁed in its native state to date. This is
surprising as knowledge about these proteins is crucial for understand-
ing the mechanism behind the process of hyperaccumulation. It is
known that several families of transporters, like P1B-type ATPases, ZIPs,
Nramps, CDFs and CAXs [3–5] are involved in the processes of metaluptake into roots, translocation to the leaves and sequestration into
large epidermal storage cells. Once in those large storage cells, themetal
is ﬁnally dumped in the vacuole. There, it can not harm sensitive
enzymes as present in mesophyll cells [6,7].
The P1B-type ATPases, a subfamily of the P-type ATPases, are
ubiquitous transmembrane proteins that use the hydrolysis of ATP to
ADP and phosphate as a driving force to pump metal ions across
membranes against an electrochemical gradient. They are found in all
kingdoms, including humans [8]. Mutations in these ATPases can lead
to Menkes and Wilson disease in humans, which affect the body's
ability to maintain the ﬁne balance between copper deﬁciency and
copper toxicity [9]. The fact that several lethal diseases are caused by a
malfunction of P1B-type ATPases makes them an evenmore important
research topic.
Plant P-type ATPases consist of eight to twelve transmembrane
helices, in which their N and C termini are directed toward the
cytoplasm. Between the transmembrane helices a large cytoplasmic
loop is located that harbours the phosphorylation site and ATP
binding domains [10,11].
Although the gene sequences for many plant metal transporters
are known, no single crystal structure of a full-length protein and
only one biochemical characterisation of a holoenzyme [12] exist.
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been puriﬁed and biochemically characterised [13] with the help of
heterologous overexpression in insect cells. There are several reasons
for the lack of studies on full-length plant metal transporters, one of
them is the well-known difﬁculty of overexpressing membrane
proteins homologously without generating misfolding of the protein.
Second, in the case of hyperaccumulators, it is difﬁcult to overexpress
their metal transporters in another system like Escherichia coli as the
host would most likely not tolerate high metal concentrations
possibly leading to artefacts in the expressed protein as well. Further,
in the case of HMAs (named due to their heavy metal associated
domain), a very high number of cysteine residues is present in the
proteins [14], making them very sensitive towards oxidation and thus
leading to problems with stability, once successfully puriﬁed [12]. In
hyperaccumulator plants, many metal transporters are naturally
highly overexpressed [15–17], making them candidate sources for
the extraction of these proteins. HMA is particularly interesting, as it
is, according to many recent studies, a key player in the hyperaccu-
mulation phenotype [18,19]. Additionally, HMA4 from Thlaspi
caerulescens has 9 consecutive histidine residues located at its C-
terminus [14], offering the possibility to purify this protein based on
immobilised metal afﬁnity chromatography.
2. Materials and methods
2.1. Plant material, culture conditions and culture
T. caerulescens (Ganges ecotype) was grown under conditions that,
according to previous investigations (e.g. [12,14]), lead to high
expression levels of metal transporters. All plants were grown in
hydroponic nutrient solution with automatic constant media ex-
change in a controlled environment room, so that the growth con-
ditions could be optimally controlled. Seeds were germinated on a
mixture of perlite and vermiculite moistened with deionised water.
Three weeks after germination, seedlings were transferred to vessels
ﬁlled with hydroponic nutrient solution containing 100 μM Zn(2+)
(supplied as ZnCl2). The nutrient solution was aerated continuously
using a lab built system and automatically renewed by a program-
mable peristaltic pump (Ismatec MCP process). Plants were grown
with 14 h day length and 22 °C (day)/18 °C (night) temperature. The
photon ﬂux density during the light period followed an approximately
sinusoidal cycle with a maximum around 150 μmol⋅m−2⋅s−1 and was
supplied by full-spectrum discharge lamps.
2.2. Chemicals and materials
During the optimisation of our original puriﬁcation protocol [12],
we realised that contaminations of regular analytical grade chemicals
caused problems for further characterisation of TcHMA4. Metal con-
tamination of the buffer used after the dialysis step (see puriﬁcation
protocol below) caused metal loading of the protein, making activity
tests or spectroscopic experiments impossible. An unknown contam-
ination in TCEP from other suppliers than chosen by us (see below)
caused complete inactivation of the protein and sometimes even
degradation visible on gels.
Consequently, all buffer substances for isolation and puriﬁcation
were purchased from Merck, Darmstadt, Germany, in the highest
grade available (Suprapur® or Ultrol®), except for the following:
Mannitol was purchased from Sigma-Aldrich (St. Louis, MO, USA), in
the highest grade available (SigmaUltra); detergent: n-dodecyl-β-
maltoside (DDM) from Carl Roth, Karlsruhe, Germany and Anatrace
(Maumee, OH, USA); protease inhibitor: Protease Inhibitor Cocktail
tablets “complete” EDTA-free (Roche Diagnostics, Mannheim, Ger-
many); antioxidant: TCEP from Merck (Darmstadt, Germany) or
Hampton Research (Aliso Viejo, CA, USA); ATP magnesium salt: also
purchased from Merck (Darmstadt, Germany) but with the grade“Low metals Grade”; Metal chelator: Chelex Resin, Bio-Rad (Hercules,
CA, USA); Column material: “Protino” Ni-IDA, Macherey-Nagel,
(Düren, Germany).
The other materials were centrifugal protein concentrators:
Amicon Ultra-15, membrane with 30 kDa exclusion size (Millipore
Corporation, Bedford, MA, USA). Instruments of the following manu-
facturers were used: wheat mill: Jupiter 872 with Messerschmidt
stainless steel grinding engine (Messerschmidt Hausgeräte GmbH,
Königsfeld-Erdmannsweiler, Germany), ultracentrifuge: Beckmann
LE-80 (Beckmann, Palo Alto, CA, USA), AAS: GBC 932 AA (Victoria,
Australia).2.3. Isolation
The isolation of TcHMA4 from roots of T. caerulescens Ganges was
carried out as systematically developed (including tests of various
buffer compositions and protease inhibitors) by Parameswaran et al.
(2007), with the following changes. The composition of the isolation
buffer has been further optimised to 300 mM Mannitol, 30 mM
Hepes and 3 mM MgCl2 as well as “complete” EDTA-free protease
inhibitor (1 tablet/50 ml buffer), pH 6.0 with KOH. Under liquid
nitrogen, the roots were ground to a ﬁne powder onlywith thewheat
mill. We replaced dry ice by liquid nitrogen as the impurities in the
dry ice changed from batch to batch and we were not able to get
reliable, reproducible results. The ratio of root material to isolation
buffer was changed to 1:5. In contrast to Ref. [12], we conducted two
centrifuge runs of 1 h at 4 °C at 246,000g instead of only one to
remove more soluble proteins. After the second centrifuge run, the
supernatant was discarded and the pellet was solubilised for 4–6 h in
a, compared to Ref. [12], slightly changed buffer (160 mM NaH2PO4,
1.6 M NaCl, 10 mM TCEP, 10 mM DDM=dodecyl-maltoside,
1 tablet/50 ml buffer "complete" EDTA-free protease inhibitor, pH
6.0 with NaOH). The buffer composition has been modiﬁed as the
now used buffer yielded higher solubilisation efﬁciency. After the
crude extract had been collected, it was transferred into a dialysis
tube and dialysed against a buffer containing 300 mM NaCl, 50 mM
Hepes, 0.5 mMNaH2PO4, 2 mMTCEP, one tablet of “complete” EDTA-
free and 10% Chelex, pH 6.0 with NaOH. As the plants were grown in a
nutrient solution containing a high concentration of zinc, the dialysis
with Chelexwas necessary to removemetal in the solution in order to
obtain protein not loaded with metal. The mixture was stirred
constantly at 4 °C for 14 h. This dialysis had to be done to remove
metal bound to the protein. The integrity of the protein was checked
at all steps during the process via SDS gels andWestern blots tomake
sure that dialysis did not affect its quality. After that, the crude extract
was diluted with a buffer as used for dialysis but without Chelex and
adjusted to pH 6.0 with NaOH, then centrifuged at the same
conditions as after the isolation. With this centrifugation step we
were able to remove aggregated protein that would otherwise block
the pre-column-ﬁlter.2.4. Puriﬁcation
As the protein did not efﬁciently bind to the column at lower pH
the supernatant was adjusted to pH 9.0 and loaded onto the Ni-IDA
metal afﬁnity column (cooled to 2 °C). Hereafter, postwash (buffer
composition: 300 mM NaCl, 50 mM Hepes, 0.5 mM NaH2PO4, 2 mM
TCEP and 0.2 mM DDM plus 2 tablets “complete” EDTA-free, pH 9.0
with NaOH) took place until a stable baseline was reached. Then,
TcHMA4 was eluted with a combined gradient of the same buffer as
for the postwash at pH 6.0 towards the same buffer with pH 6.0
(adjusted with HCl) including 0.25 M imidazole. The eluted fractions
of interest were concentrated for the following characterisation
techniques.
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Identity and purity of TcHMA4 were controlled via SDS-Page and
Western blots as described in Ref. [12] with the following modiﬁca-
tion: all protein samples were precipitated with 20% TCA for removal
of detergent; the pellets were dissolved in sample buffer; after the
run, the gels were stained with Lumitein Protein Stain (Biotium,
Hayward, CA, USA); visualisation was achieved using the LumiImager
and the LumiCapt Software (Boehringer, Mannheim, Germany);
alternatively, silver staining was used as described in Parameswaran
et al. (2007).
2.6. Protein determination
Standards of BSA with known concentration were loaded onto the
same SDS gel as samples of TcHMA. Prior to loading, all standards and
samples were precipitated with 20% TCA and the pellets were
dissolved in the same sample buffer. After the run, the gel was
stained with Lumitein Protein Stain (Biotium, Hayward, CA, USA).
Quantiﬁcation was accomplished using the LumiImager and the
LumiCapt Software (Boehringer, Mannheim, Germany).
2.7. ATPase activity assay
The activity and activation of TcHMA4 were assayed as described
in Ref. [20], with the following important changes in order to obtain
more data with a higher reproducibility. In the ﬁrst step the ATPase
was reconstituted into lipid vesicles. For this purpose the ATPase was
diluted to 0.18 mg ml−1 and then mixed in a ratio 1:5 with
phosphatidylcholine from soybean. Reconstitution took place for
20 min at 37 °C. For the ATPase reaction, the reconstituted protein
was transferred into a buffer containing 0.6 M Tris, 2 M NaCl and
0.1 M MgCl2 pH 8.0. The reaction was started with the addition of
5 mM ATP and took place for 40 min at 30 °C. A sample without metal
addition plus 5 concentrations of copper, zinc and cadmium from
0.1 μM to 3 μM or 10 μM, respectively, was used for measuring
activation. Eight phosphate standards from 0 μM to 1200 μM were
used for the standard curve. After stopping the reaction with stop
solution (0.5% SDS, 0.5% NH4Mo(H2O)4, 2% sulphuric acid), the colour
reaction was started with the addition of 40 μl/ml 10% ascorbic acid
and ﬁnally the colour development was stopped after exactly 2 min
with the addition of 35 μl/ml 34% sodium citrate. Then, the absorbance
was measured using a Lambda 750 UV/Vis photometer from Perkin-
Elmer (Waltham, MA, USA).
2.7.1. Temperature dependent activity assay
The temperature dependent activity assay was conducted follow-
ing the same procedure as described above, but only 4 phosphate
standards (0 μM, 100 μM, 300 μM and 100 μM) were used and due to
the high number of samples, only one metal could be tested per assay.
These 10 samples (4 standards, 1 protein fraction without metal
addition and 5 samples of protein with different concentrations of
copper, cadmium or zinc) were incubated at 10 different tempera-
tures (generated by a gradient thermostat built for this series of
experiments, VLM GmbH, Bielefeld, Germany) ranging from 2 °C to
50 °C during reconstitution and reaction.
2.8. EXAFS
2.8.1. Sample preparation
For preparing EXAFS samples, micro cuvettes with a volume of
approximately 25 μl were used; window size was 12*2 mm. 10 μM
(=1.2 ppm) cadmium was added to the unconcentrated protein as
Cd-acetate before the concentration process started, yielding an
approximate concentration of 15 ppm cadmium in the EXAFS sample.
While concentration took place, the non-protein bound metal ranthrough the membrane, leading to a protein solution that contained
b10% (the 1.2 ppm background) free metal and N90% protein-bound
metal. After reaching a volume of approximately 50 μl, 10% glycerol
was added. With a syringe, the solution was transferred into the
cuvettes that were already before sealed with kapton tape, and ﬁnally
frozen by rapid immersion in supercooled (−140 °C) isopentane.
2.8.2. XAS data collection
X-ray absorption spectra at the Cd K-edge (26,711 eV) were
recorded in ﬂuorescencemode on two independently prepared sets of
samples in 2007 (dataset A) and 2010 (dataset B). Set A was recorded
at EMBL bending magnet beamline D2 of the EMBL Hamburg (c/o
DESY, Hamburg, Germany) equipped with a Si(111) double crystal
monochromator, a 13 element ﬂuorescence detector (Canberra). Set B
was recorded at wiggler station 7–3 of the SSRL (Menlo Park, CA, USA)
equipped with a Si(220) double crystal monochromator, a focusing
mirror and a 30 elementGe solid-state ﬂuorescence detector (Canberra).
For themeasurements, the protein samples in their cuvettes (see above)
were kept at 20 K in a closed cycle cryostat (set A) and at 4 K in a helium
cryostat (set B), respectively. Data reduction was performed with KEMP
[21] for set A and with EXAFSPAK (http://www-ssrl.slac.stanford.edu/
exafspak.html) for set B.
2.8.3. EXAFS analysis
The extended X-ray absorption ﬁne structures (EXAFS) of both
data sets were analysed using k3-weighting up to k=10.5 Å-1 with
DL-EXCURV [22], which is a freely available version of Excurve [22]
under the ﬂagship of CCP3 (www.ccp3.ac.uk). The ﬁt index was used
as a measure of the goodness of the ﬁts. Ab initio theoretical phase and
amplitude functions were generated within EXCURV using Hedin–
Lundqvist exchange potentials and van Barth ground states.
2.9. Quantiﬁcation of metal by AAS
Metal content has been measured of the samples that were
previously used for the Cd-EXAFS measurements, i.e. on TcHMA4 that
had been loaded with 10 μM Cd(2+) before concentration. As the
ultraﬁltration devices only concentrate the protein and the cadmium
bound to it, while unbound Cd(2+) ﬂows through, in the ﬁnal
concentrated TcHMA4 sample almost all Cd(2+) contained in it is
protein bound Cd(2+), with a deﬁned background of 10 μM unbound
Cd(2+). Metal measurements were done by ﬂame AAS (GBC 932 AA,
Victoria, Australia).
3. Results
We successfully puriﬁed TcHMA in its native state from plant
roots. Furthermore, we were able to reconstitute it in artiﬁcial lipid
vesicles and to conduct activity assays on this reconstituted protein in
the presence of cadmium, copper and zinc in various concentrations,
elucidating the metal-dependent activation of this protein. Further-
more, we were able to analyse the temperature dependence of this
metal-activated TcHMA4 activity. From this temperature dependent
activity test, the activation energy of TcHMA4 in the presence of
various concentrations of cadmium, zinc and copper was calculated
using Arrhenius plots. Furthermore, the binding sites of cadmium in
TcHMA4 were analysed by EXAFS spectroscopy, and via AAS of these
samples we could determine the metal to protein ratio.
3.1. Puriﬁcation—difﬁculties with instability of TcHMA4
The elution from the metal afﬁnity column yielded, when all
problems described below were kept at a minimum, a rather pure
preparation of active TcHMA, as identiﬁed by SDS gel and Western
blot (Fig. 1). The yield of this puriﬁcation was approximately 1.2 mg
TcHMA4 per 60 g of root material.
Fig. 1. Identity and purity of TcHMA4 tested by SDS gel and Western blot with speciﬁc
antibody. Left: molecular weight marker, silver stained SDS gel of crude extract, Western
blot of crude extract with a characteristic band at 60 kD. Right: molecular weight marker,
silver stained SDS gel of puriﬁed TcHMA4, Western blot of puriﬁed TcHMA4.
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however, was a major problem throughout the puriﬁcation. Approx-
imately 12 h after puriﬁcation, the ﬁrst activity test was carried out
and after an additional 6 h more, more than half of the protein
(molecules) had become inactive. On the next day, 36 h after puri-
ﬁcation, it was completely inactive. This meant ﬁrst that for each
repeat, fresh protein had to be puriﬁed leading to unavoidable var-
iations between the samples. As explained in detail in Parameswaran
et al. (2007), we tested various reducing agents for increasing the
stability of TcHMA4, with TCEP yielding the best overall result. In the
presence of other reducing agents, TcHMA4 was even less stable or
did not show any activity at all, or they interfered with the activity
assay (main reason not to use DTT).We tested various batches of TCEP
from different suppliers ﬁnding that the purity of TCEP was crucial to
obtain high activity. Using slightly less pure batches of TCEP, the
ATPase activity was completely inhibited, only TCEP with a purity
higher than 99.5% fromMerck or Hampton Research could be used for
our tests.Fig. 2. Colourimetric phosphate determination for measuring activation of TcHMA4 in
percent of maximal activity for different metals in various concentrations. Reaction
time was 40 min at 30 °C.3.2. ATPase activity assay with different metal concentrations
The ATPase activity of TcHMA4 could be increased (compared to
the “as isolated” state without addition of metals, displayed as
“0.01 μM” in the graphs) by both hyperaccumulated metals of
T. caerulescens, cadmium and zinc, but also by copper (see Fig. 2).
Nevertheless, the concentration range that yielded highest activity
differed strongly for the different metals. In the case of cadmium and
zinc, the highest increase in activity was observed in the presence of
0.03 μMmetal and the level of activation did not change much until a
concentration of 1 μM Cd(2+), or 0.3 μM Zn(2+) respectively, was
added. A maximal turnover rate of 300 s−1 was reached with fully
activated TcHMA4, with zinc as well as with cadmium. Higher
concentrations of Cd(2+) or Zn(2+) did not further increase activity.
In the case of cadmium, starting from 3 μM, the activity decreased
strongly, in the case of zinc, the decrease started at 1 μM already. For
copper, a clear maximum of activity was observed in the presence of
0.1 μM Cu(2+), with higher concentrations the ATPase activity
decreased. The addition of 10 μM copper decreased the ATPase
activity even below the level without additional metal in the sample
(estimated residual metal content 0.01 μM). For cadmium and zinc,
the decrease of activity was less severe.3.3. ATPase activity assay with different metal concentrations and a
temperature gradient
It was very difﬁcult to perform this kind of experiment, because
with increasing temperatures the ATP that had been added to start the
ATPase reaction hydrolyzed more easily. To circumvent this problem,
we used an individual phosphate calibration for each temperature. For
all three metals, we found an increased activity towards higher
temperatures. For cadmium and copper, the highest activity was
reached at almost 50 °C with concentrations of 0.03 μM to 0.1 μM,
while for zinc the highest activity was reached at approximately 50 °C
and a concentration of 0.5 μM (see Fig. 3). A clear activation in the zinc
concentration range from 0.1 μM to 1 μM can be observed; this
phenomenon is especially clearly visible at temperatures from 35 °C
upwards.
When normalising the obtained data for zinc on the value without
metal added for highlighting the inﬂuence of metal concentrations, it
becomes obvious that the activation (activity with metal divided by
activity without metal) is constant over a large range of temperatures,
only at very high temperatures (N45 °C) it drops. At very low
Fig. 3. Temperature and zinc dependent activity of TcHMA4, measured via colourimetric determination of phosphate after a reaction time of 40 min. Top: TcHMA4 activity. Middle:
activation ratio, calculated by normalising the activity of each point to the activity of the basic (“as isolated”, i.e. without metal addition) activity of the respective temperature.
Bottom: activation amplitudes, calculated by subtracting the basic activity of the respective temperature activity from each point of the activities with metal addition.
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becomes less visible (see Fig. 3).
Calculating the activation amplitudes, i.e. the activity with metal
minus the activity without metal added, a temperature of 42 °C and a
zinc concentration in the range of 0.03 μM to 3 μM yielded highest
activation compared to the activity achieved without metal added
(Fig. 3), no major change in the temperature optimum has beenobserved for the three tested metals, cadmium, zinc and copper (not
shown).
Using the obtained absolute phosphate concentrations in the
presence of different metal concentrations, Arrhenius plots were
calculated (see Fig. 4). These plots allowed us to determine the
activation energy of TcHMA4. In the presence of various concentra-
tions of zinc, the activation energy (EA=38 kJ⋅mol−1) remained
Fig. 4. Arrhenius plots (left) and energies of activation (right) derived from temperature and metal dependent activity assays for Cd(2+), Cu(2+) and Zn(2+).
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low concentrations of cadmium, the activation energy was highest
(EA=39 kJ⋅mol−1), decreasing towards higher concentrations with
the lowest activation energy (EA=23 kJ⋅mol−1) required at 3 μM
cadmium. For copper, the activation energy strongly increased with
increasing metal concentration, from (EA=17 kJ⋅mol−1) at 0.03 μM
Cu(2+) to (EA=42 kJ⋅mol−1) at 3 μM Cu(2+).
3.4. EXAFS measurements
Two independent cadmium EXAFS measurements on TcHMA4 have
been carried out, one in 2007 at the DESY in Hamburg, Germany, and a
secondone in 2010 at the SSRL, Stanford, CA, USA. Both spectra obtained
show a very similar ligand environment for cadmium; a characteristic
peak at 2.5 Å shows that by far the largest contributor is sulphur (see
Fig. 5). The reﬁnements with both the numbers and distances of ligands
as free parameters yielded four to ﬁve sulphur ligands at a distance of
2.5 Å from the central Cd(2+). No signiﬁcant contributions from
nitrogen/oxygen ligands were detected in the ﬁrst ligand shell, and no
contributions of the characteristic multiple scattering features of the
imidazole ring of histidine (or the imidazole in the elution buffer) were
detected in the spectra. For a detailed summary of the reﬁnementparameters see Table 1. These results show that the greatest part of the
cadmium in TcHMA4 is bound by cysteines and not, as originally
expected, by the natural histidine-rich C-terminus.
When protein for an EXAFS sample was puriﬁed, almost the whole
batch was needed for one sample and we were not able to do
comprehensive additional tests (e.g. the temperature-dependent activa-
tion) on this exact batch of protein. We could not determine the metal
concentrationpresent in theEXAFS samplesbeforeactuallyusing themfor
EXAFS, because metal determination via AAS or ICP-MS would have
consumed a major part of the sample itself. Doing this analysis after the
EXAFS measurements, we found 20±16 cadmium ions/mol TcHMA4
after loading (equilibration) of the proteinwith 10 μMcadmium. Thehigh
error was not mainly caused by different efﬁciencies of metal loading
between preparations but to themost part by detergent interferencewith
the quantiﬁcation of the protein in attempts of direct quantiﬁcation on
non-precipitated protein, and problems with sample losses and incom-
plete re-solubilisation when removing the detergent via precipitation.
4. Discussion
While previous studies on plant metal transport proteins dealt with
expression or metal transport on the cell/tissue level, the isolation and
Fig. 5. EXAFS measurements on TcHMA4: raw data with reﬁnements (upper) and Fourier transformed datasets (lower).
2597B. Leitenmaier et al. / Biochimica et Biophysica Acta 1808 (2011) 2591–2599puriﬁcation of TcHMA4 allowed us to investigate important character-
istics of such a transporter in a controlled chemical environment. This is
theﬁrst report of these characteristics for a plantheavymetal (P1B-type)
ATPase.
4.1. ATPase activity assay with different metal concentrations
TcHMA4 showed its strongest activation with 0.1 μM copper; in
the case of cadmium with concentrations between 0.03 μM and 1 μM,
for zinc the optimal range started at 0.03 μM and activity decreased
with 1 μM and higher concentrations. As zinc and cadmium are
hyperaccumulated by T. caerulescens up to a concentration of 3% in the
above-ground tissues for zinc and 1% for cadmium [23], while copperTable 1
Results of the reﬁnement of the EXAFS spectra using the DL-Excurve programme, with the n
used indistinctively, since their scattering phases are similar. The graphs of the ﬁts are show
Sample Number/type of ligands (±se) Distance (±s
Set A (2007) 0.1 (±0.2) N/O 2.05 (±0.39)
4.7 (±0.3) S 2.51 (±0.01)
Set B (2010) 0.2 (±0.8) N/O 2.08 (±0.77)
3.7 (±0.9) S 2.47 (±0.05)
EF=Fermi energy shift with respect to E0=eV used in the background subtraction, deﬁne
FI=ﬁt index with k3 weighting.
se=Mathematical standard errors of the reﬁnement (two sigma level). The error of the EXA
same type.is not accumulated, it is interesting to see that the concentrations
needed for maximal activity do not differ more. It is assumed that
TcHMA4 is involved in the loading of cadmium and zinc into the
xylem [14], through which the metals are transported into the shoot
and into their ﬁnal storage site, the vacuoles of large epidermal cells
[6]. Apart from a relatively small number of resistant individuals [24],
T. caerulescens does not tolerate excess copper concentrations in the
soil and clearly shows symptoms of toxicity at copper concentrations
starting below 10 μM. The activation of TcHMA4 by copper implies
that, if present in the soil, TcHMA4 would load copper into the xylem
as it does for cadmium and zinc. There or at a later point in the shoot
the excess of copper that is not used for various copper depending
enzymes has to be complexed and transported back to the root, whereumber of ligands, their distances and the Fermi energy as free parameters. N and O are
n in Fig. 5.
e) [Å] 2σi2 (±se) [Å2] EF (±se) FI
0.02 (ﬁxed) −2.3 (±1.6) 1.0
0.02 (ﬁxed)
0.02 (ﬁxed) 1.5 (±3.9) 4.8
0.02 (ﬁxed)
s the threshold for the EXAFS spectra [37]. This value was reﬁned for every sample.
FS approach as such is higher; this is revealed by the differences between samples of the
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the photosynthetic apparatus. In this complexation of copper, metal-
lothioneins might play an important role [25,26].
Hung et al. showed in 2007 in similar experiments with an human
copper ATPase, MNK or ATP7a, that a concentration of 1 μM copper was
required for full activation of the protein, while in the presence of 1 μM
zinc the protein showed only 60% of its activity, with 1 μMcadmium the
activity even decreased to 10% of its maximum activity [13]. Mana-
Capelli et al. (2003) successfully puriﬁed the Cu-ATPase CopB from
Archaeoglobus fulgidus and showed a maximum of activity of the
enzyme in the presence of 1 μM Cu(2+), while the activity strongly
decreased with the addition of Cu+ and even more so with cadmium
and zinc [27]. As to date only structures of subdomains of P1B-type
ATPases are available [28–30] but complete structures of any holopro-
teins are lacking; it remains unknown how these ATPases are able to
clearly distinguish between divalent metal cations and in the case of
CopB even between the same metal in different oxidation states.
In our experiments, at a concentration of 3 μM copper, TcHMA4
showed less activity than in the sample without additional copper.
The phosphate concentration in this case dropped slightly below 0,
suggesting that either the protein denatured taking up phosphate, or
(more likely) switched from ATPase activity to ATP synthase activity
as it is known from other ATPases including the Menkes copper-
transporting P1B-type ATPase [13].
4.2. ATPase activity assay with different metal concentrations and a
temperature gradient
TcHMA4 shows its highest activity at N40 °C, with maximum
activation at 42 °C. A similar temperature optimum of 40 °C has been
reported for an H+ATPase from Beta vulgaris L. (red beet) storage
roots [31]. Also at temperatures below 30 °C TcHMA4 still pumps
metal, at a lower rate than at 42 °C, but with the same ratio of metal-
dependent activation as at the 42 °C optimum. This makes sense
because T. caerulescens Ganges is a perennial plant [32] and originates
from Southern France, so that its enzymes need to tolerate low tem-
peratures inwinter and rather high temperatures in summer. Activity of
TcHMA4 over a temperature range from 7.5 °C to 50 °C is a prerequisite
for tolerating elevated Cd/Zn concentrations throughout the year.
The data obtained from activity tests at different temperatures
were further used for Arrhenius plots, yielding interesting insights
into the activation energy (EA) required by TcHMA4 for pumping
metal over the cytoplasmic membrane. In the presence of cadmium
the activation energy required for the function of TcHMA4 decreased
towards higher metal concentrations and thus, higher concentrations
must facilitate the transport of cadmium over the plasma membrane.
This corresponds with the activation curves shown in Fig. 2, where,
starting with a concentration of 0.03 μM, cadmium strongly activated
the enzyme compared to the sample without additional metal. At
a concentration of 3 μM cadmium, the activity was only 50% of
the maximum activity, although the activation energy required for
function at high concentrations is lower. It is possible that at high
concentrations of cadmium the ATPase starts to denature, and thus
loses its original afﬁnity properties yielding unspeciﬁc pumping.
For copper, comparably low activation energies (below and around
20 kJ⋅mol−1) were observed over a broad range of concentrations. A
strong increase in EA to 42 kJ⋅mol−1 becomes visible at 10 μM and
although the standard error for this value is rather high, the increase is
still signiﬁcant. For zinc, the activation energy stays rather constant at
a value just below 40 kJ⋅mol−1, no dependency on the concentration
of zinc could be observed. In fact, the 10 μM used as highest
concentration in our TcHMA4 activity assay is not at all toxic for
T. caerulescens, where Zn toxicity only starts in the millimolar range.
Comparison of EA values obtained in other studies is difﬁcult as until
now, no EA values for P1B-type ATPases from any plant have been
reported. Generally, biochemical characterisations of holoproteinsfrom this family are lacking. Even for H+-ATPases and Ca2+-ATPases,
data are rare. There are several studies reporting activation energy
values from ﬁsh proteins, ranging from 15 kJ⋅mol−1 to 35 kJ⋅mol−1
[33] and one study observing the temperature-dependent activity of
an H+-ATPase from protoplasts of Commelina (“dayﬂower”) where no
EA value has been determined, but an Arrhenius plot has been shown
from which one can calculate an EA value of 8 kJ⋅mol−1 [34]. Further-
more, one publication describes EA values between 30 kJ⋅mol−1 to
80 kJ⋅mol−1 for an ATPase from sugar beet roots in the presence of
various concentrations of Na+ and Mg2+ [35].
4.3. EXAFS measurements
Both the C-terminal histidine stretch and themany cysteines in the
structure of TcHMA4 have been proposed as potential metal binding
sites [14,19,36]. To test these hypotheses, EXAFS measurements on
Cd-loaded TcHMA4 were performed. It was very difﬁcult to get a
sufﬁcient amount of protein for these measurements. As the main
reason, due to the detergent present in the samples, it was not
possible to concentrate the samples higher without disturbing the
protein integrity (tested by activity tests). This was a problem because
for EXAFS a rather high metal concentration in the sample is required.
The metal concentration of 15 ppm in our samples is far below the
ideal concentration of 1 mM, a fact that certainly inﬂuences the signal
to noise ratio, but is still in a range for proper signal detection. The
problem with low concentrations of metals in protein and plant
samples is a common one but has been circumvented in a few
interesting cases ([24,37] by increasing the measuring time). Low
concentrated samples have to be measured for a comparably long
time (often up to several days), making a potent cooling system a
necessity. The number of beamlines available for such samples is very
small, which might be a reason why only a small number of com-
parable studies have been carried out so far.
For cadmium, we have measured and analysed two independent
samples from two preparations of TcHMA4 originating from different
batches of root material; the two samples are referred to batch a and
batch b in the following. The Fourier transforms of both datasets show
a very clear peak at 2.5 Å, characteristic for sulphur ligation. This
suggests that the dominating fraction of cadmium in the protein
samples must be bound to cysteines and not to histidines, as hardly
any contribution of nitrogen is visible in the Fourier transformed
data sets. As the metal had been added in excess and during the
concentration all unbound cadmium had been washed out, it is not
likely that the natural C-terminal histidine stretch (that we used for
puriﬁcation) binds cadmiumwith any signiﬁcant afﬁnity. Currently, it
is not possible to determine the particular cysteines involved in
cadmium binding, providing a very important question for future
research as accumulations of cysteines are very abundant in the
structure of TcHMA4 and most likely not all of these cysteine clusters
have the same afﬁnity for cadmium.
5. Conclusions
We successfully investigated the activity of the TcHMA4 holopro-
tein puriﬁed from hyperaccumulator roots, yielding maximal activity
of the ATPase in presence of 0.1 μM copper and a wider concentration
range in the case of zinc and cadmium. Based on Arrhenius plots we
showed that the energy of activation rises for higher copper con-
centrations while it stays constant for the investigated zinc concen-
trations. Temperature dependent activity assays showed that the
enzyme is not only more active at higher temperatures but that the
metal concentration is still important for activity (shown for zinc).
This suggests that TcHMA4 does not become unspeciﬁcally active at
high temperatures but is still able to prevent uncontrolled ATP
consumption. EXAFSmeasurements proved that cadmium in TcHMA4
is mainly bound to cysteines and not to histidines, suggesting that the
2599B. Leitenmaier et al. / Biochimica et Biophysica Acta 1808 (2011) 2591–2599C-terminal his residues could function as a trap for cadmium while
cysteines must be involved in transporting the metal through the
membrane. With the method established for purifying the protein in
its active state it will now be possible to visualise cadmium and
eventually also zinc transport via TcHMA4 over a membrane using
speciﬁc ﬂuorescent dyes.
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